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Evaluation of brain injury criteria
based on reliability analysis
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Purpose: Among the proposed brain injury metrics, Brain Injury Criteria (BrIC) is a promising tool for performing safety as-
sessment of vehicles in the future. In this paper, the available risk curves of BrIC were re-evaluated with the use of reliability analysis
and new risk curves were constructed for different injury types based on literature data of tissue-level tolerances. Moreover, the com-
parison of different injury metrics and their corresponding risk curves were performed. Methods: Tissue-level uncertainties of the
effect and resistance were considered by random variables. The variability of the tissue-level predictors was quantified by the finite
element reconstruction of 100 frontal crash tests which were performed in Simulated Injury Monitor environment. The applied tests
were scaled to given BrIC magnitudes and the injury probabilities were calculated by Monte Carlo simulations. New risk curves were
fitted to the observed results using Weibull and Lognormal distribution functions. Results: The available risk curves of diffuse axonal
injury (DAI) could be slightly improved, and combined AIS 4+ risk curves were obtained by considering subdural hematoma and
contusion as well. The performance of several injury metrics and their risk curves were evaluated based on the observed correlations
with the tissue-level predictors. Conclusions: The cumulative strain damage measure and the BrIC provide the highest correlation
(R*=0.61) and the most reliable risk curve for the evaluation of DAI. Although the observed correlation is smaller for other injury
types, the BrIC and the associated reliability analysis-based risk curves seem to provide the best available method for estimating the

brain injury risk for frontal crash tests.
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1. Introduction

Previous epidemiological studies revealed that
traumatic brain injury (TBI) is a critical health prob-
lem worldwide, and motor vehicle crashes are one of
the main causes of these injuries [2], [7]. To reduce
the number and severity of the crash-related injuries,
the design procedure of vehicles is governed by
safety standards and public car assessment programs.
The safety evaluation of cars is based on specified
threshold values of injury metrics which must not be
exceeded during the well-defined crash tests. These
thresholds are determined by injury risk curves which
give the injury probability in the function of the ap-
plied injury metric. As the effectiveness of the passive

restraint system of cars highly depends on the reli-
ability of the applied evaluation procedure, the ad-
vanced numerical modelling of the brain for impact
conditions [12], [18], [24] and the determination of
reliable metrics and associated risk curves [20], [23]
have been a major research goal of the biomechani-
cal studies of TBIs in the previous decades. In terms
of their significance, the Head Injury Criterion (HIC)
[23] stands out from all previously proposed metric,
since it has been used in the standardised evaluation
procedures worldwide in the previous decades (e.g.,
Federal Motor Vehicle Safety Standard (FMVSS
208) [14], European Directive (ECE R94) [22], etc.).
In this metric, the loading magnitude is described by
a HIC value which is the maximum of the following
integral:
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where ¢ is the time, a(f) is the measured resultant in-
stantaneous translational acceleration at the centre of
gravity of the head and #, — ¢, is the time interval cho-
sen to maximize the value of HIC. The FMVSS 208
standard applies a maximum 15 ms long time interval
(in Eq. (1) to obtain a HIC;s value) and a HIC;s = 700
threshold which is thought to be related to the 5%
probability of a serious (AIS 4+) head injury (Pais 4+)
[6] according to the original risk curve of Prasad and
Mertz [16]:
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where @ is the cumulative standard normal distribu-
tion function. Although the current standards are still
based on HIC, serious doubts exist regarding its reli-
ability due to its approximations and negligence [9].
By now, significant scientific proof exists indicating
that the tissue-level predictors have a very small cor-
relation with HIC;s, and this correlation can be much
better when other head motion-based metrics are ap-
plied [4], [20], [25]. Not just the HIC metric itself, but
the reliability of the corresponding risk curve (Eq. (2))
is also questionable [9]. Due to the large uncertainties
which are present during the application of HIC, previ-
ous reliability analysis-based research [9] led to a sig-
nificantly different risk curve:

In(HIC,.) — 6.5445
PAIS4+ (HIC15) = (D( ( 15) ) . (3)

1.993

As the doubts regarding the reliability of the HIC
metric seems to be justified, the modification of the
standardised evaluation procedures is expected. As
the National Highway Traffic Safety Administration
(NHTSA) has already implemented the Brain Injury
Criteria (BrIC) [20] into the New Car Assessment Pro-
gram (NCAP) [15] to provide an extension beside HIC,
BrIC seems to be a potential candidate to become a fun-
damental brain injury metric in the following decades. In
this metric, the magnitude of the effect is quantified by
a BrIC value which is given by the maximum directional
angular velocities (o, w,, w.) of the head:

2 w 2 2
BrIC = (wj + —2 +[a)] Y
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where w,c = 66.25 rad/s, w,c = 56.45 rad/s and w.c =
42.87 rad/s are critical maximum angular velocities

(which correspond to the 50% probability of an AIS
4+ injury) [20]. Corresponding risk curves related to
the probability of an AIS 4+ diffuse axonal injury
(DAI) (Ppar) have been constructed following Weibull
distribution [20]:

_[ BrIC j2.84

Py (BrIC) =1—¢ V2% (5a)
_( BrIC-0.523 J"g

Py (BrIC)=1-¢ (5b)

For DAI two tissue-level predictors have been ap-
plied in previous research works [4], [18], [20], [25]: the
maximum principal strain (MPS) (Eq. (5a)) and the
cumulative strain damage measure (CSDM) associ-
ated with a strain threshold of 0.25 (Eq. (5b)).
Previous large-scale correlation studies [4], [20]
have shown that BrIC gives a relatively good correla-
tion with the tissue-level predictors (MPS and CSDM).

However, the proposed risk curve may need to be re-

evaluated for eliminating the following setbacks:

¢ During the construction of Egs. (5a), (5b), a deter-
ministic linear connection has been assumed be-
tween the tissue-level predictors and BrIC [20].
However, different tissue-level outcomes can oc-
cur in different crashes even if they represent the
same BrIC value. Such tissue-level uncertainty of
the effect (and the resistance also) can influence
the injury probability which should be considered
during the construction of risk curves.

e The available risk curves are based on the consid-
eration of DAI only [20], while focal injury types,
such as acute subdural hematoma (ASDH) and
contusion, were not taken into account.

e Although the CSDM seemed to be a better pre-
dictor than MPS in a previous study [20], its corre-
sponding risk curve (Eq. (5b)) has the disadvan-
tage that it gives zero injury probability in the
BrIC = 0-0.523 interval, which partially comes
from the negligence of the above-mentioned tis-
sue-level uncertainties. A more reliable estimation
may be needed in the BrIC = 0.3-0.55 “design in-
terval” because it is possible that a new threshold
value related to a combined AIS 4+ head injury
belongs to this interval (assuming that it will be
calibrated to the 5% injury probability as earlier).
In this study, the re-evaluation of the available risk

curves (Egs. (5a), (5b)) is performed by tissue-level reli-

ability analysis using finite element (FE) reconstruction
of frontal crash tests. In this analysis, some of the most
important uncertainties are taken into account by ran-
dom variables, while each above-noted injury type is
considered by a separate limit-state function [9].
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Once the reliability-based reconstruction of the
BriC-related risk curves is accomplished, the com-
parison of several injury metrics and risk curves is
performed. The selection of the analysed injury met-
rics is governed by the following aspects:

e besides translational acceleration and rotational
velocity-based metrics (HIC and BrIC), angular
acceleration-based metrics should be analysed
also;

¢ only those metrics are considered which gave a high
degree of correlation with the tissue-level predictors
in previous comparison studies [4], [25];

e an injury risk curve is available for the given met-
ric (or at least its estimation is possible based on
the available data).

Based on these considerations, another analysed
metric is the Rotational Injury Criterion (RIC) [11]. It
is formulated similarly as the HIC, but here the trans-
lational acceleration (Eq. (1)) is replaced with the
rotational acceleration («):

RIC={ !

t,—t
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and a ©, — #; < 36 ms time interval was proposed [11].
For RIC, only a risk curve related to the probability of
an AIS 2+ injury (Pais2+) is available [1], [11]:
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Furthermore, the Rotational Velocity Change Index
(RVCI) is also considered, which is given by the fol-
lowing equation [25]:

t, 2 t 2 t 2
RVCI = Rx[ | axdtJ +R},{J. aydtJ +RZ[ | azdtJ ,
f t f)
(8)

where R,, R, and R. are weighting factors (detailed in
[25] for CSDM and MPS separately) and o, o, . are
the components of the instantaneous rotational accelera-
tion about each orthogonal direction and # — #; < 10 ms
is the time interval which is chosen to maximize the
value of RVCI [25]. No injury risk curve has been
proposed related to RVCI [1], however, the following
RVCI-MPS relation was observed (which is used to
obtain an approximate risk curve as detailed in the
Methods section):

MPS =0.0162RVCI +0.0855 . )

Following the above-mentioned goals, three hy-
potheses are analysed in this study:

(1) With the consideration of DAI only, the obtained
new risk curves via reliability analysis gives
larger injury probabilities in the “design interval”
than Egs. (5a, 5b), however, these probabilities
have a similar magnitude to those which can be
obtained by the available risk curves.

(2) With the consideration of ASDH and contusion
also, significantly larger probabilities are obtained
for a combined AIS 4+ injury.

(3) Related to DAI, the new CSDM-based risk curve
(determined by reliability analysis) gives the clos-
est results to the probabilities calculated by tissue-
level metrics.

2. Materials and methods

In this study, the tissue-level predictors are deter-
mined by FE reconstruction of standardised frontal
crash tests [14] where Hybrid III adult male dummies
were applied (Fig. 1a). The dummy’s head is instru-
mented with the Nine Accelerometer Array Package
(NAAP) (Fig. 1a) [19] and the measured acceleration
records are downloaded from the NHTSA database.
Based on the rigid body motion of the dummy’s head
[19], loading curves (including the translational and
rotational velocities of the head) (Fig. 1b) are calcu-
lated from the measured acceleration-time histories
using the Simulated Injury Monitor (SIMon) software
[17], [18]. Following previous impact biomechanical
studies of blunt trauma [4], [9], [20], FE simulations
are performed on previously validated head models of
the SIMon software [17], [18]. The improved SIMon
model is considered as one of the currently available
state-of-art models, which was also applied to con-
struct BrIC metric and its corresponding risk curves
(Egs. (52), (5b)) [20]. With the obtained loading curves,
the motion of the dummy’s head is applied to the
model’s rigid skull as a prescribed boundary motion
[17]. Due to the movement of the skull, the impact
energy is transferred to the brain via contact algo-
rithms between the skull and the brain (detailed in
[17], [18]). Following the recommendations of the
authors [18], the DAl-related tissue-level predictors
(MPS and CSDM) are determined by the improved
SIMon model (Fig. 1c), while the relative motion dam-
age measure (RMDM) for characterizing ASDH and
the dilatation damage measure (DDM) for the analysis
of contusion are calculated by the standard model
(Fig. 1¢) [17].
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Fig. 1. Framework of the FE reconstruction of frontal crash tests: a) crash tests with dummies instrumented with NAAP;
b) resultant translational and rotational velocities of the head; ¢) FE head models

The basic goal of the reliability analysis is to deter-
mine the injury probability for given BrIC values with
the consideration of some of the most important types of
tissue-level uncertainties. In this analysis, each consid-
ered injury type is represented by a G; (i = 1, ..., 4) limit-
state function (where i = 1 and i = 2 belong to DAI with
the MPS and CSDM-based description, respectively),
i =3 belongs to ASDH and i = 4 belongs to contusion):

(10¢)

G3 = RRMDM - ERMDM >

G, =Rppum (10d)

~Eppy -
The injury risk is quantified as the probability that
the considered limit-state function gives a negative
value for a random realization of the corresponding
random variables. Limit-state functions include ran-
dom variables which are intended to describe un-

G, = Ryps — Eypps » (10a)  certainties of the tissue-level effect (Ewps, Ecspm,
Ervom, Eppm) and the resistance (Rwvps, Respm, Rrmpms,
G, = Respm — Ecspm » (10b) Rppwm).
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Fig. 2. Illustration of FE results for different loading intensity: a) pressure at BrIC = 0.5,
b) pressure at BrIC = 1.25, ¢) 1st principal strains at BrIC = 0.5, d) 1st principal strains at BrIC = 1.25



Evaluation of brain injury criteria based on reliability analysis 177

In general, a rigid body motion-based metric always
contains a considerable uncertainty because such a pa-
rameter cannot perfectly predict the complicated highly
nonlinear behaviour of the brain tissue. This can be
observed if multiple crashes are reconstructed which
belong to the same value of the applied metric, the ob-
tained tissue-level predictors will show a certain vari-
ability. This record-to-record variability should be con-
sidered during the construction of the risk curves as
previous reliability-based evaluation of HIC proved that
it can have a significant contribution to the injury prob-
ability [9]. To quantify this variability, 100 FE simula-
tions are performed for given BrIC values (0.2, 0.5, 0.7,
0.85, 1.0, 1.25 and 1.5) (i.e., in total, 700 simulations
are completed with the improved and 700 simulations
with the standard SIMon model). The test selection
from the NHTSA database was governed by the fol-
lowing criteria:

e frontal crash tests with a rigid barrier (as per

FMVSS 208) are analysed;

e the impact velocity is 56 km/h (standard value as
per FMVSS 208 and ECE R94);

e airbag and safety belt are applied;

e a Hybrid III adult male dummy (instrumented with

NAAP) is used at the driver’s seat.

To obtain multiple realistic crash records which
represent the same BrIC value, the nine accelero-
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grams of these tests are scaled linearly by a mutual
scaling factor.

Once the 100 realizations of the tissue-level pre-
dictors are obtained from the simulations (briefly il-
lustrated in Fig. 2), random variables describing the
effect in Eqs. (10a)—(10d) are fitted to the observed
data by the log-likelihood method in Matlab [21] using
non-parametric Kernel distribution function with Epa-
nechnikov kernels [3] (Fig. 3a).

The available data related to the tissue-level resis-
tance also show a considerable variability. Following the
results of previous regression analysis of scaled animal
data [17], [20], the random variables of tissue-level resis-
tance can be characterized as it is summarized in Table 1.

Table 1. Random variables of tissue-level resistance

Ran.dom Distribution function Reference
variable
( X JZ.M
Rues | p(x) = P(Ryps <x)=1—¢ 11 [20]
( )I.XO
Resom | p(x) = P(Regpy <x)=1-¢ 1% [20]
x—1
Rryvpm F(x)=P(Rpypy <x) =D 035 [17]
In(x) + 2.8811
R F(x)=P(R <xX)=Q| ——— 17
DDM (x)=P(Rppy <X) ( 07072 j [17]
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Fig. 3. Main steps of reliability analysis: a) fitting distribution function to FE results,
b) Monte Carlo simulation, ¢) Generating correlated samples with given marginal distributions
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The injury probability is calculated for each injury
type with Monte Carlo simulations by generating 10°
random samples of the random variables. The limit-
state functions are evaluated for all sample pairs, and
the number of the injurious cases (i.e., where the limit-
state function gives a negative value) is counted. Fi-
nally, the total number of the injurious cases is divided
by the total number of samples to obtain the injury
probability (Fig. 3b).

After determining the injury probability for each
injury type, the combined AIS 4+ injury probability
shall be determined. As the occurrence of any of the
above-mentioned injury types already causes an AIS 4+
injury, these injury types form a so-called series sys-
tem. The reliability of the whole system is also evalu-
ated by Monte Carlo simulations, where the generated
random vectors of the effect and the resistance have
three components (i.e., one for each injury type). To
take the correlation of the different injury types into
account, the random vector of the effect is generated
by considering the observed correlation of MPS (or
CSDM), RMDM, and DDM results. This correlation
is described by the Kendall-type rank correlation coef-
ficient, and the correlated vector components of the
effect are generated by multivariate copula functions
whose marginal distributions equal to the Kernel-type
distributions of the corresponding random variables
(Fig. 3c).

Once the injury probabilities are obtained for the
analysed BrIC values, new risk curves are constructed
by the least-square method using Weibull and Log-
normal distribution functions (whichever gives the better
approximation in terms of the sum of squared errors
(SSE)).

Once the reliability-based evaluation of the BrIC-
-related risk curves is completed, the comparison of
several injury criteria is performed by the numerical
reconstruction of the previously selected 100 frontal
crash tests with their original, unscaled loading curves.
This comparison includes two separate investiga-
tions:

1. Following a traditional approach [4], [20], [25],
the adequacy of the selected injury metrics is
evaluated by their degree of correlation with the
tissue-level predictors.

2. Besides the formulation of the available metrics,
the reliability of their corresponding risk curves is
also analysed. Since a good injury metric should
reliably bridge the gap between the rigid body
motion of the head and the tissue-level predictors,
it is analysed which injury risk curve gives the best
approximation (in terms of SSE) of the results ob-
tained by tissue-level predictors.

In order to get a reasonable approximation of the
AIS 4+ curve related to RIC for the present compari-
son study, the available AIS 2+ risk curve (Eq. (7)) is
scaled by the method which previously led to the
BrIC-related risk curves of different injury severities
[20] (following the recommendations of NHTSA [13]).
In this approach, the median point of the Weibull dis-
tribution function is scaled by the B4 = 2.0 factor [20]
while keeping the shape parameter constant. To
follow this approach as close as possible, an alterna-
tive AIS 2+ risk curve with Weibull distribution (with
a = 1.1367-107 scale parameter and k = 4.1965 shape
parameter) is fitted to the available risk curve (Eq. (7))
exploiting that only minor differences can be observed
between these curves. Afterwards, this curve is scaled
by /4 to obtain the following AIS 4+ curve:

_( RIC J4.196
Py, (RIC)=1—¢ 227334107 (11)
For the RVCI, an AIS 4+ risk curve is not available
either, however, in the knowledge of the MPS-RVCI
relation described in Eq. (9), the original MPS-related
AIS 4+ tissue-level tolerance curve (Table 1) can be
expressed in the function of RVCI to obtain the fol-
lowing estimation:

0.0086»RVC1—0.1439]1'8

Py (RVCD) =1 —e_( 06 (12)

3. Results

Statistical parameters of the 100 realizations of the
tissue-level effects obtained by FE simulations are sum-
marized in Table 2.

Injury probabilities at given BrIC values obtained
by Monte Carlo simulations are shown in Table 3 (where
Ppaivps) 1s the probability of DAI based on Eq. (10a),
Ppaicspmy 1s the probability of DAI based on Eq. (10b),
Paspy is the probability of ASDH, Pconusion 18 the
probability of contusion, while Pais 4:oups)y and Pas
4+cspmy are the combined injury probabilities follow-
ing an MPS-based and a CSDM-based description of
DAL, respectively).

Based on the result of Table 3, new risk curves are
constructed by curve fitting (given in Egs. (13a), (13b)
related to DAI and in Eqgs. (14a), (14b) related to ASDH
and contusion, respectively).

BrIC J2.0348

PDAI(MPS)(BrIC)zl—e(1'4283 . (13a)
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In(BrIC)—0.0957
P BrIC)=® , (13b
DAI(CSDM)( ) ( 03556 j ( )
7( BrIC J2.5778
Pypu(BrIC) =1—¢ ‘1078 (14a)
7( BrIC J4.8738
Proiusion (BIIC) =1—¢ 12034 (14b)

Following the above-noted curve fitting procedure,
new risk curves are obtained related to a combined
AIS4+ injury. In Equation (15a), the Pajs 4+ risk curve
is given by considering the MPS-based description of

179

DAI (Eq. (10a)), while in the construction of Eq. (15b),
the CSDM-related limit-state function (Eq. (10b)) is
applied.

BrIC j2.2944

Puisarqups) (BrIC) =1- e_( 09048 , (152)

_[ BrIC j3.1570
Puisascspmy (BrlC)=1-e 0943 (15b)

Risk curves related to DAI alongside with the avail-
able risk curves of Takhounts et al. [20] (Egs. (52), (5b))
are shown in Fig. 4.

Table 2. Statistical parameters of FE results (x — mean value, o— standard deviation,
CoV — coefficient of variation, 7 — skewness, x — kurtosis, » — range)

Effect BrIC u o CoV n K r
MPS 0.193 0.034 0.174 1.331 5.129 0.180
CSDM 020 =0 — — — —
RMDM ’ 0.186 0.085 0.460 2.173 10.554 0.583
DDM =0 — — — — —
MPS 0.450 0.076 0.170 1.212 4.300 0.397
CSDM 0.50 0.033 0.046 1.385 3.737 21.372 0.337
RMDM ' 0.516 0.224 0.435 1.795 7.978 1.428
DDM 0.00030 0.00108 3.564 5.096 29.499 0.00748
MPS 0.596 0.096 0.161 1.246 4.323 0.475
CSDM 070 0.145 0.105 0.728 2411 9.982 0.627
RMDM ' 0.727 0.301 0413 2.038 10.709 2.105
DDM 0.00147 0.00392 2.666 3.359 13.457 0.02079
MPS 0.691 0.106 0.154 1.157 4.028 0.481
CSDM 0.85 0.268 0.131 0.488 1.753 6.560 0.706
RMDM ' 0.909 0.390 0.429 2.062 10.199 2.661
DDM 0.00374 0.00794 2.123 3.255 13.634 0.04589
MPS 0.795 0.153 0.192 3.165 19.676 1.192
CSDM 1.00 0.419 0.150 0.359 1.194 5.057 0.803
RMDM ' 1.128 0.485 0.430 1.964 8.829 2.989
DDM 0.00770 0.01342 1.744 3.852 21.227 0.09499
MPS 0.919 0.132 0.144 1.067 5.953 0.924
CSDM 125 0.629 0.121 0.192 0.038 3.124 0.631
RMDM ’ 1.423 0.551 0.387 1.225 5.522 3.431
DDM 0.01542 0.01609 1.044 2.149 7.755 0.07843
MPS 1.057 0.148 0.140 1.165 5.157 0.899
CSDM 150 0.781 0.081 0.104 —0.312 2.863 0.355
RMDM ' 1.818 0.593 0.326 1.164 4.816 3.383
DDM 0.02968 0.02016 0.679 1.561 6.006 0.10844

Table 3. Injury probabilities obtained by reliability analysis
BrIC | Ppaimres) | Pparcsomy Paspu Peonwsion | Patsarmps) | Paisa+cspmy
0'50 0.010 0.000 0.013 0.000 0.025 0.013
0.50 0.102 0.013 0.121 0.000 0.224 0.130
0.70 0.208 0.094 0.259 0.004 0.425 0.313
0.85 0.296 0.223 0.396 0.017 0.581 0.511
1.00 0.395 0.409 0.549 0.036 0.724 0.716
1.25 0.530 0.649 0.729 0.082 0.864 0.899
1.50 0.665 0.792 0.896 0.202 0.963 0.982
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Risk curves related to different injury types and the
combined AIS 4+ brain injury are shown in Fig. 5.

The correlation (in terms of the coefficient of
determination (R?)) between the analysed injury
metrics and the tissue-level predictors are shown in

Fig. 6.
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The obtained discrepancy (expressed by SSE) be-
tween the results of the DAIl-related injury risk curves
and the tissue-level predictors (related to 100 tests) are
summarized in Table 4.

The performance of risk curves related to different
injury types is summarized in Table 5.

Table 4. Performance of risk curves related to DA/ (bold values were obtained by reliability analysis)

Takhounts Rehabﬂ.l y Takhounts Rehabll} ty
(MPS) analysis (CSDM) analysis RIC-based RVClI-based
(Eq. 50) (MPS) (Eq. 5b) (CSDM) (Eq. 11) (Eq. 12)
4 (Eq. 132) ¢ (Eq. 13b)
SSE 0.5093 0.4615 0.3493 0.3196 3.3116 1.0249

Table 5. Performance of risk curves related to different injury types (bold values were obtained by reliability analysis)

+ + +
DAI ASDH Contusion AIS 4 AIS 4 AIS 4
(Eq. 13b) (Eq. 14) (Eq. 14 b) HIC-based HIC-based BrIC-based
: : : (Eq. 2) (Eq. 3) (Eq. 15b)
SSE 0.3196 4.2379 0.0074 11.672 5.6191 4.0769
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The CSDM-based risk curves of DAI and the
combined AIS 4+ injury are shown with the outcomes
(calculated by tissue-level predictors) of the 100 tests
in Figs. 7 and 8.

4. Discussion

In this paper, the reliability analysis-based evalua-
tion of the BrIC head injury metric was performed using
FE reconstruction of frontal crash tests. The currently
available DAl-related risk curves were re-evaluated and
slightly modified, and new risk curves were proposed
related to ASDH, contusion and the combined AIS 4+
injury. Furthermore, some of the most promising
injury metrics and their related injury risk curves
were compared to determine which available metric
and risk curve seem to be the most reliable tool for
estimating the brain injury risk in case of frontal car
crashes.

The reliability analysis of DAI resulted in new risk
curves (Egs. (13a), (13b)) which are in relatively good
agreement with the available risk curves of Takhounts
et al. (Egs. (5a), (5b)) [20]. Although relatively small
discrepancies were observed (Fig. 4), the new risk
curves give larger probabilities in the “design interval”
which leads to the conclusion that the first hypothesis
is true. The main reason behind these discrepancies is
that some of the most important uncertainties of the
tissue-level effects and resistances were taken into
account during the reliability analysis. In a previous
reliability-based study of brain injuries [9], it could be
observed that the influence of the tissue-level uncer-
tainties on the injury probabilities is primarily gov-
erned by the variability of the obtained tissue-level
predictors (which can be characterized by CoV). From
the obtained FE result (Table 2), a ColV = 0.14 — 0.192
could be observed for MPS and a CoV' = 0.104 — 1.385
for CSDM (CoV = 0.104 — 0.728 in the BrIC > 0.523
interval where the original risk curve (Eq. (5b)) gives
non-zero values). Although these uncertainties are con-
siderable, they are not large enough to cause so sig-
nificant discrepancy with respect to the original risk
curves (Egs. (5a), (5b)) which was the case in the
previous reliability study of the HIC metric [9]). De-
spite the minor differences, we suggest using the new
curves (Egs. (13a), (13b)) for DAI, because in the
reliability analysis the stochastic nature of the tissue-
level predictors was considered. Furthermore, a very
convenient result of the reliability analysis is that it
could characterize the small injury probabilities even
in the BrIC < 0.523 interval, thus the new, CSDM-

related risk curve (Eq. (13b)) gives non-zero values in
the BrIC = 0.3-0.55 “design interval” which could be
a key aspect during the determination of a new thresh-
old value in the future.

The reliability analysis of ASDH and contusion re-
sulted in new risk curves (Fig. 5) which are given by
Egs. (14a), (14b). Based on the comparison of differ-
ent injury types, a tendency could be observed that the
contusion has a significantly smaller probability than
the other two types of injuries. This relation seems to
be in contradiction with previous real-world observa-
tion [10] where the number of contusions reached
a similar magnitude than the other two injury types.
This discrepancy highlights that the results of such
numerical studies are based on the applied tissue-level
thresholds which were determined in previous studies
[17], [20] using the results of animal experiments and
their scaling [17]. Since the current results depend on
the applied thresholds, the obtained risk curves should
be continuously revised when new experimental studies
or real-world observations become available. In this
regard, the applied framework of the reliability analy-
sis may not need to be changed during the possible
future revision of these results.

The reliability analysis of all injury types resulted
in the combined AIS 4+ risk curves (Egs. (15a), (15b)
and Fig. 5) that show considerably larger injury risks
than the original DAIl-related curves (Egs. (5a), (5b)).
This leads to the conclusion that the second hypothe-
sis is also true.

In the second part of our paper, a comparison study
was performed which mainly focuses on the compari-
son of the available risk curves rather than the com-
parison of the injury metrics (which has been already
investigated in previous studies [4], [25] for DAI).
Nevertheless, the obtained correlations (in terms of Rz)
of the injury metrics with the tissue-level predictors
are shown in Fig. 6 as it provides new results related
to the correlation of BrIC with RMDM and DDM, and
also gives the possibility to compare our results re-
lated to DAI with the observations of previous studies
[4], [25]. Our results show that with the DAI-related
metrics BrIC gives the best correlation (R* = 0.56 for
MPS and R* = 0.61 for CSDM), while RIC gives the
second (R* = 0.51 for MPS and R* = 0.60 for CSDM)
and RVCI gives the third (R* = 0.47 for MPS and
R* = 0.47 for CSDM) largest degree of correlation.
This indicates that the BrIC still seems to be the most
reliable metric for characterizing DAI in case of fron-
tal crashes. These results coincide with the observa-
tion of Gabler et al. [4], although they observed a little
stronger correlation (R* = 0.7) with the application of
the GHBMC model [5]. However, in another previous
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study [25] RVCI gave a higher degree of correlation
which may be attributed to the differences in the ap-
plied FE model and that different (small overlap and
oblique) crash types were also considered there. In
Fig. 6, it could be also observed that HIC gives negligi-
ble correlation with tissue-level predictors (R* = 0.02
for MPS and R* = 0.06 for CSDM) which also agrees
with previous observations of Gabler et al. [4].

The correlation analysis with the RMDM metric
(Fig. 6) shows that the BrIC still gives the highest
degree of correlation (R* = 0.31), but it is much
smaller than those which were observed for the DAI-
-related metrics, indicating that the application of
BrIC is not as reliable for the analysis of ASDH as for
the evaluation of DAI. The correlation of each ana-
lysed injury metric with DDM is much smaller than
those which were related to the other tissue-level pre-
dictors, implying that none of them is reliable for the
analysis of contusion (Fig. 6).

The comparison of the DAl-related risk curves
shows that the CSDM-based curves perform better (in
terms of SSE) than the MPS-based curves (Table 4).
This agrees with the previous observation that CSDM
gives a better correlation with BrIC than MPS. The
reliability analysis-based curves perform slightly bet-
ter than the original curves which can be attributed to
the above-noted advantages of the reliability analysis
(Table 4). Other RIC- and RVCl-related curves have
worse performance than other BrIC-based curves which
could primarily come from the above-noted lower
degree of correlation and the fact that these RIC- and
RVClI-based curves are only estimations constructed
for this comparison study based on available literature
data and scaling techniques. This list of observations
leads to the conclusion that the third hypothesis is
also true.

As the BrIC gives a lower degree of correlation
with RMDM and DDM than with the DAl-related pre-
dictors (Fig. 6), the obtained risk curves related to
ASDH performs considerably worse (SSE = 4.2379)
than the best DAl-related curve (SSE = 0.3196) (Table
5). The contusion-related curve gives negligible error in
terms of SSE (SSE = 0.0074) which primarily come
from the negligible injury probabilities that were shown
in Table 3. Unfortunately, the error of the ASDH-related
risk curve appears in the curve related to the combined
AIS 4+ injury (Eq. (15 b)) as well (SSE = 4.0769). 1t is
interesting, that the HIC;s-related curve (Eq. (3)),
which was obtained by reliability analysis [9], does not
perform significantly worse in terms of SSE than the
BrIC-related curve (Eq. (15b)), and performs much
better than the original HIC,s-related risk curve (Eq. (2))
which is currently applied in the standards. These ob-

servations may also highlight the advantages of reli-
ability analysis.

As a limitation of our study, it is noted that every
tissue-level investigation which rely on FE simulation
provides results which depend on the applied model
to a certain extent. Several head models were applied
in the literature [18], [5] which include different level
of negligence (in terms of anatomic details, material
behaviour, etc.). In most cases, these models are vali-
dated against the same experimental data and their
results are in relatively good agreement [20], [4].
Nevertheless, all FE results could be somewhat differ-
ent if other FE models were applied. It also means that
the comparison of the injury metrics is biased in a sense
that BrIC was originally constructed via the SIMon,
while RIC and RVCI were proposed based on the
results of other models.

Furthermore, in accordance with the recommenda-
tions of the authors of the improved SIMon model [18],
the standard model version was applied the analyse
ASDH and contusion. This model also went through
rigorous validation procedure, but it is less detailed
than the improved model, thus our results related to
ASDH and contusion may be less reliable than the
results related to DAL

Although previous convergence study [9] showed
that the selection and scaling of 100 tests seemed to be
adequate for performing the reliability analysis, some
deviation in the results of the comparison study may
be expected if other records or more tests are consid-
ered.

Every FE reconstruction in this study belonged to
a frontal test with 56 km/h impact velocity (as per the
regulations of the FMVSS 208 standard). Since differ-
ent risk curves could belong to different crash scenarios
(e.g., side impacts, other types of dummies, differ-
ent impact velocities, etc.), theoretically, the currently
obtained risk curves are valid to the above-noted test
configurations only (the analysis of other crash scenar-
ios may be an interesting task of the future studies).

The standardised Hybrid III dummy has excellent
biofidelity and measurement capabilities, however, cer-
tain differences to humans still exist. As the load curves
were derived from the acceleration time-histories meas-
ured on dummies, the observed results are based on
the assumption that the above-mentioned difference
does not cause a significant discrepancy in the calcu-
lated injury probabilities.

Although the correlation between the injury prob-
abilities related to standardised tests and real-world
crashes is affected by several factors, in the future, the
currently obtained risk curves should be supported by
the validation with real-world observations to help the
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decision-making regarding the new thresholds of the
safety standards.

Some major sources of uncertainties have been con-
sidered in this study, however, other types of uncer-
tainties (e.g., related to FE simulations, extremely large
variability of the tissue properties [8], geometric and
kinetic characteristics among humans, etc.) were not
taken into account (the characterization of their effect
may be an important task in future studies).

In the current analysis, the combined AIS 4+
curves were determined based on the considerations
of three of the most common types of TBIs, however,
other injury types (such as epidural hematoma) were
not taken into account. Ideally, every possible injury
type should be represented in the reliability analysis,
and this may be the case in future studies when tis-
sue-level thresholds become available for all injury

types.

5. Conclusions

The tissue-level reliability analysis of the human
brain for frontal car crashes resulted in slightly modi-
fied risk curves for DAI and new risk curves related to
ASDH, contusion and combined AIS 4+ injury. Our
results indicate that the probability of DAI should be
primarily characterized by CSDM (instead of MPS)
and the currently proposed risk curve (Eq. (13 b)).
A moderate R* = 0.61 degree of correlation was ob-
served for DAI, while considerably smaller values
were found for the other injury types (Fig. 6). The
results of the correlation analysis indicate that BrIC
seems to be the best currently available injury metric,
however, even better metrics may be found in the
future, especially for the analysis of ASDH and contu-
sion. Similarly, based on the evaluation of the risk
curves (Tables 4, 5), the currently proposed BrIC-
-related risk curves seem to be the most reliable tool
available for the evaluation of brain injury risk in case
of frontal crash tests. However, these curves may be
further improved in the future once new injury metrics
and more robust tissue-level thresholds are developed
for the different injury types.
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